Microstructures and mechanical properties of dissimilar welding joint between Al alloy and Mg alloy by Friction Stir Welding (FSW) were investigated in comparison with laser welding of the same combination. Dissimilar joint of Al and Mg alloy by laser welding was very brittle because of building up Mg 17 Al 12 inter metallic compounds in fusion zone. On the other hand, FSW is anticipated to welding dissimilar alloys with enough joint strength because it is a solid-state process without melting. In this paper, FSW was carried out to make dissimilar butt joints of Al alloy and AZ31 magnesium alloy with various tool rotational speed and welding speed. These joints showed higher hardness in their stir zones than that of parent AZ31 alloy because of Mg-Al inter metallic compound formation. However, the hardness of stir zone was lower than that of fusion zone of laser welding, and was changed with the welding parameters of tool rotational speed and welding speed (i.e. heat input ratio of FSW). The optimum welding conditions of Mg and Al dissimilar FSW joint and the influence of inter metallic compound distribution with mixing of materials in stir zone were discussed.
Introduction
Friction Stir Welding (FSW) 1, 2) is a solid state welding method developed by The Welding Institute (TWI) in UK. Thermal heating and mechanical stirring originated by the rotational tool with probe join two pieces of alloy plates. For light metal alloys, welding by FSW is expected in transport industries due to the high quality of the joint because of the low temperature processing without melting. It is considered by many to be the most significant development in metal joining in a decade.
Commercial magnesium alloys do not have enough strength to apply for structural materials. However, magnesium alloys are attractive to reduce the weight products. On the other hand, aluminum alloys have been used for products required high strength. Magnesium alloy and aluminum alloy should be used in the proper portion of the part of structure. The joint of these dissimilar metals required. However, dissimilar welding between aluminum alloy and magnesium alloy by conventional fusion welding 3, 4) is unable because of the vast volume of Mg 17 Al 12 intermetallic compound formation in the fusion zone. The processing temperature during FSW does not reach melting points of the alloys, so the formation of intermetallic compounds in stir zone is limited. [5] [6] [7] These intermetallic compounds should be dispersed finely to prevent the brittleness. 9, 10) In this paper, dissimilar FSW joint between non-heattreating type A5052-H aluminum alloy and extruded AZ31B magnesium alloys were produced. The heat input ratio and the formation of intermetallic compounds in stir zone was reduced as much as possible. In addition, the influence on welding parameters on joint characteristic was discussed.
Experimental Procedures
The materials used for butt joints were extruded AZ31B magnesium alloy and A5052-H aluminum alloy plate. The plate thickness was nominally 3 [mm] . These materials were put on the table of high-powered FSW machine that the tool advancing side was Al plate and retreating side was Mg plate. The rotational tool was inserted along the center of butt line.
The material of FSW tool was JIS SKD61 tool steel. The tool has shoulder with 12 [mm] in diameter, and has probe with 4 [mm] in diameter and 2.9 [mm] in length. The inclination angle used was 3 degree. Tool load was 10 [kN]. The FSW conditions-tool rotational speed, R t , and welding speed, V-were changed from 800 to 1600 [min À1 ] and from 100 to 400 [mm/min], respectively. Welded joint samples were estimated in cross-sectional to the welding direction by microstructural observation (optical microscopy and fieldemission scanning microscopy).
Micro-Vickers hardness measurements were made along the cross-section of the weld. The load was set at 0.098 [N] . Microstructural observations were performed by optical microscope with etching (for Mg side, 4.2 [g] picric acid, in mixture of 70 mL methanol, 10 mL acetic acid and 10 mL distilled water, and for Al side, electrolytic etching). Tensile tests were carried out by dog-bone test piece that of the parallel part is 30 [mm] and the width is 12 [mm] . The sample surface was as-welded (thickness was 3 [mm]) without milling of the weld surface. Base materials and dissimilar joints were performed tensile tests three samples on each welding conditions.
Results

Welding conditions
For A5052-H or AZ31B alloy plate, the welding conditions were searched by stir-on-plate. Each alloy could be welded at wide range conditions. On the other hand, dissimilar butt-welded samples were compared by surface 
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conditions (existence of crack, grooving and etc.). During FSW, temperature of the material was increased with increasing the ratio of tool rotational speed (R t ) to welding speed (V). Surface defects like grooving or cavities were observed in the samples welded in higher heat input rate (R t =V). [12] [13] [14] This grooving was occurred by a tool seizure of the base materials. The proper joints were able to cut out without failure for microstructural observation and tensile testing sample. These results are shown in Fig. 1 . The proper welding condition for dissimilar A5052-H and AZ31B FSW joint were more limited region than that for A5XXX or AZ31B FSW joint. [11] [12] [13] [14] [15] [16] [17] [18] 3.2 Microstructural observation and hardness distributions As-received A5052-H alloy had 20$30 [mm] of the grain diameter. After FSW, the grain size was refined to c.a. 10 [mm] by dynamic recrystallization. FSW-ed A5052-H alloy has 70HV in base material region and 60HV in SZ. This is because the base alloy was H tempered plate and frictional heating made softening as heat treatment. On the other hand, in A5052-H and AZ31B dissimilar FSW welding, crosssectional macroscopic image of the conditions that 1000 [min À1 ] of the tool rotational speed and 200 [mm/min] of the welding speed was shown in Fig. 2 and 3 . Near SZ areas tended to form intermetallic compounds (Mg 17 Al 12 phase). In these region, the maximum hardness was 200$300HV. By X-ray diffraction patterns (as shown in Fig. 4) , a dissimilar FSW-ed sample has Mg 17 Al 12 and Mg 2 Al 3 intermetallic phase, however the intensity was lower than the laser welded sample. Hardness distributions of the cross section exhibited that the intermetallic compounds partly existed in SZ. True hardness of Mg 17 Al 12 particles is higher than this results, because these particles were finely dispersed in SZ and the hardness was averaged with that of parent materials.
Tensile tests
Result of the tensile test was shown in Fig. 5 , the fracture surface in the SZ shows quite different between the upper and lower part of SZ. The upper fracture surface has cracked intermetallic phase, so this is brittle fracture. On the other hand, the lower part has dimple fracture. This ductile region caused that several percent of elongation.
Discussion
Distributions of intermetallic compounds
Fusion welded joints by laser were very brittle and almost no joint strength. Because almost all the fusion zone is intermetallic compounds. The maximum hardness of each welding condition in SZ was shown in Fig. 6 . Except for the joint welded at 1000 [min À1 ] and 400 [mm/min], the maximum hardness is linear to the ratio of rotational speed to welding speed. This result means that the formation of MgAl intermetallic compounds can be controlled by the heat input rate. These intermetallic compounds mainly existed in upper part of SZ. During FSW, this Al-Mg intermetallic phase precipitate by frictional heating and mechanically stirring on interfaces of butt line. Y. S. Sato et al. 8) reported that the intermetallic compound Mg 17 Al 12 was formed by constitutional liquation and solidification during FSW. In the lower part of the SZ, temperature was not enough to form the intermetallic phase.
The mechanical properties of dissimilar Al and Mg alloy plate joints depend on the distributions of Al-Mg intermetallic compounds. For improvement of the joint efficiency, it must be not only suppressed precipitates of compounds, but also finely dispersed. 14) On the other hand, less intermetallic compound phase is in FSW, and the hardness can be controlled by FSW condition. Lower the ratio of rotational speed to welding speed made less intermetallic compounds in SZ.
Summary
The dissimilar FSW joint between A5052-H aluminum alloy and AZ31B magnesium alloy was able to join and the joint efficiency was achieved to 61%. This value was not enough to acquire reliable joints but much higher than that of laser welded joints. It needs to improve the distribution of the intermetallic compounds. The highest hardness of each FSW joint has the linear relation to heat input ratio. The reliable dissimilar Al and Mg FSW joint that has high joint efficiency and elongation could acquire by the lower heat input rate to suppress the formation of Mg 17 Al 12 intermetallic phase. 
